Introduction {#S1}
============

Accumulation of hyperplastic glomerular epithelial cells in Bowman's space is observed in both crescentic glomerulonephritis (GN) and collapsing glomerulopathy. Crescentic glomerulonephritis occurs in a wide range of kidney diseases, including IgA nephropathy, anti-glomerular basement membrane GN, anti-neutrophil cytoplasmic antibody-mediated GN, lupus nephritis, and type I membranoproliferative GN^[@R1]^. Collapsing glomerulopathy is observed in patients with HIV-1 seropositivity^[@R2]^, other viral infections^[@R3],\ [@R4]^, pamidronate toxicity^[@R5]^, and de novo or recurrent idiopathic collapsing glomerulopathy in the renal allograft^[@R6]^. Although histologic features of these two entities are different---crescentic GN^[@R7]^ is characterized by inflammatory changes in glomerular capillaries with focal or diffuse necrosis of glomerular capillaries, while collapsing glomerulopathy^[@R8]^ is associated with segmental to global collapse of the glomerular capillary tuft---extracapillary proliferation of glomerular epithelial cells is observed in both conditions.

Presence of glomerular crescents on kidney biopsy is associated worse prognosis in patients with glomerulonephritis^[@R9]^. Recent studies of human and animal model of crescentic GN have documented the accumulation of podocytes^[@R10]--[@R12]^ as well as parietal epithelial cells (PECs)^[@R13],\ [@R14]^ in crescentic lesions. In addition to collapsing glomerulopathy and crescentic GN, prominent epithelial cell proliferation has also been observed in murine models where the primary cell-specific stimulus/insult was directed to either the podocyte^[@R11],\ [@R15]^ or PEC^[@R16]^. These findings provide additional evidence that injury to either glomerular epithelial cell type could precipitate glomerular epithelial cells (podocytes, PECs or both) to proliferate and form cellular crescents. Signaling pathways orchestrating this proliferative response in crescent formation, however, have been not characterized.

Signal transducers and activators of transcription (STAT)-mediated signaling is involved in the regulation of cell proliferation and inflammation^[@R17]^. STAT3 signaling is activated in kidneys of mice^[@R18]^ and human^[@R19]^ with GN. Furthermore, activation of podocytes STAT3 has also been shown to drive the proliferation and dedifferentiation of podocytes in collapsing glomerulopathy due to HIV-1 infection^[@R20],\ [@R21]^. In the present study we evaluate the role of podocyte STAT3 on crescent formation by comparing the development of immune complex-mediated crescentic GN in mice with and without podocyte-specific STAT3 deletion.

Results {#S2}
=======

Mice with podocyte-specific deletion of STAT3 {#S3}
---------------------------------------------

We generated a line of mice (Cre+;STAT3^f/f^) with *Cre-*mediated deletion of a *Stat3* floxed allele (*Stat3^f^*)^[@R22]^ driven by a podocyte-specific, 2.5-kb human *NPHS2* promoter^[@R23]^. To demonstrate that STAT3 deletion occurred in podocytes of Cre+;STAT3^f/f^ mice we performed polymerase chain reaction to detect the presence of the wild-type, floxed, or exon-18-to-20-deleted *Stat3* alleles (*Stat3^+^*, *Stat3^f^*, and *Stat^Δ^*, respectively) ([Supp. Figure 1a and b](#SD1){ref-type="supplementary-material"}). *Stat^Δ^* was detected in the glomerular fraction (Glom), non-glomerular fraction (NGF) and the kidney cortex (Cortex) and completely absent in non-renal samples (i.e. Tail or Liver) ([Supp. Figure 1c](#SD1){ref-type="supplementary-material"}). Lower levels of Stat*^Δ^* in NGF and Cortex compared to Glom reflect the minor amount of glomerular contamination in those samples. *Stat^Δ^* was absent in glomeruli of Cre+;STAT3^+/+^ mice, but present in both Cre+;STAT3^+/f^ and Cre+;STAT3^f/f^ mice ([Supp. Figure 1d](#SD1){ref-type="supplementary-material"}).

To compare the expression of podocyte STAT3 between Cre+;STAT3^f/f^ and Cre+;STAT3^+/+^ mice we performed co-immunolabeling of STAT3 and Wilm's Tumor (WT)-1, which is expressed by podocytes and parietal epithelial cells (PEC), but not by endothelial cells and mesangial cells. Since PECs can be distinguished from podocytes based on their localization within the glomerulus---PECs localize to the periphery and podocytes localize to center of the glomerulus---we examined STAT3 labeling of WT-1-positive nuclei near the center of glomerular tuft. We confirmed that STAT3 staining was nearly absent in WT-1-positive nuclei of Cre+;STAT3^f/f^ mice ([Figure 1a](#F1){ref-type="fig"}). To further confirm that podocyte STAT3 is reduced in Cre+;STAT3^f/f^ mice we performed western blotting for total and Y7095-phosphorylated STAT3 (p-STAT3) on primary glomerular epithelial cells (PGEC) isolated from decapsulated glomeruli. Expression and phosphorylation of STAT3 were lower in PGECs of Cre+;STAT3^f/f^ mice compared to Cre+;STAT3^+/+^ mice ([Figure 1b](#F1){ref-type="fig"}). *Stat3* mRNA transcript levels of PGECs from Cre+;STAT3^f/f^ was 0.143±0.039 fold of Cre+;STAT3^+/+^ (*P*\<0.05, n=4 mice per group).

No significant difference in body or kidney weight was observed between Cre+;STAT3^+/+^ and Cre+;STAT3^f/f^ mice at 7 weeks of age (data not shown). Urinary albumin excretion as assessed by urinary albumin to creatinine ratio (UACR) was also not significantly different between Cre+;STAT3^+/+^ and Cre+;STAT3^f/f^ mice at 7 weeks of age (0.088±0.037 μg albumin/μg creatinine vs. 0.095±0.004 μg albumin/μg creatinine, n = 4 mice per group). Expression of a PEC-specific marker (claudin-1) and markers of differentiated podocytes (podocalyxin, WT-1, synaptopodin, and nephrin) was similar between the two groups of mice ([Supp Figure 2](#SD1){ref-type="supplementary-material"}). Ultrastructural examination of podocytes, podocyte foot processes, and PECs of Cre+;STAT3^f/f^ mice (n = 2) did not reveal any obvious abnormalities ([Figure 1c](#F1){ref-type="fig"}). The estimated number of WT-1 positive cells per μm^2^ of glomerular tuft area was also not significantly different between Cre+;STAT3^+/+^ and Cre+;STAT3^f/f^ mice (4.2±0.6 *vs.* 4.1±0.5 nuclei per 1,000 μm^2^ of glomerular tuft area, n = 3 mice per genotype).

Crescent formation and renal function of Cre+;STAT3^f/f^ mice with crescentic GN {#S4}
--------------------------------------------------------------------------------

Nephrotic serum (NTS) enhanced crescents formation in both Cre+;STAT3^+/+^ and Cre+;STAT3^f/f^ mice compared to PBS-injected control mice of the same genotype 7 days after NTS injection ([Figure 2a and b](#F2){ref-type="fig"}). However, NTS-injected Cre+;STAT3^+/+^ mice developed significantly more crescents compared to NTS-injected Cre+;STAT3^f/f^ mice (48.7 ± 3.2% *vs.* 14.2 ± 0.4% glomeruli with crescents, *P*\<0.05, n = 4 mice per group). Urinary albumin to creatinine ratio (UACR), which is an indicator of urinary protein loss and renal injury, was significantly higher in the NTS-inject Cre+;STAT3^+/+^ group compared to either PBS-injected Cre+;STAT3^+/+^ or NTS-injected Cre+;STAT3^f/f^ mice at 5 and 7 days after NTS injection ([Figure 2c](#F2){ref-type="fig"}, n = 4 mice per group). However, UACR was not significantly different between NTS- and PBS-injected Cre+;STAT3^f/f^ mice. Serum levels of urea nitrogen and creatinine, which are markers of kidney function, were significantly higher in NTS-injected Cre+;STAT3^+/+^ mice compared to PBS-injected Cre+;STAT3^+/+^ and NTS-injected Cre+;STAT3^f/f^ mice 7 days after NTS injection ([Table 1](#T1){ref-type="table"}, serum urea nitrogen: 72.4±5.4mg/dl *vs.* 21.5±0.3mg/dl and 32.1±1.7mg/dl*, P*\<0.05, n = 4 per group; serum creatinine: 0.36±0.15mg/dl *vs.* 0.25±0.02mg/dl and 0.28±0.02mg/dl, P\<0.05, n=4). Taken together these findings suggest that Cre+;STAT3^f/f^ mice were protected from NTS-induced crescent formation and loss of renal function.

Proliferation and apoptosis of glomerular epithelial cells {#S5}
----------------------------------------------------------

Since STAT3 is known to drive podocyte de-differentiation and proliferation in HIVAN^[@R20]^ and STAT3 activation has been observed in human kidney samples with crescentic GN^[@R18],\ [@R19]^, here we examined the proliferation of podocytes and PECs in nephritic mice with and without podocyte STAT3 deletion. Staining for Ki-67, which is a marker of cell proliferation, showed that NTS injection increased the number of Ki-67-positive cells in glomeruli of both Cre+;STAT3^+/+^ and Cre+;STAT3^f/f^ mice compared to PBS injection of mice with the same genotype ([Fig 3A and B](#F3){ref-type="fig"}, 13.1±0.96 *vs.* 1.1±0.44 Ki-67-positive nuclei/glom and 5.8±0.59 *vs.* 1.3±0.33 Ki-67-positive nuclei/glom, respectively, *P*\<0.05, n = 4 mice per group). NTS-injected Cre+;STAT3^f/f^ mice, however, had significantly less Ki-67 positive nuclei compared to NTS-injected Cre+;STAT3^+/+^ mice (5.8±0.59 *vs.* 13.1±0.96 Ki-67-positive nuclei/glom, *P*\<0.05, n=4 mice per group). To determine whether podocyte STAT3 deletion had an impact on apoptosis of glomerular cells we performed TUNEL assay. No TUNEL positive cells was observed in PBS-injected Cre+;STAT3^+/+^ and Cre+;STAT3^f/f^ mice (30 glomeruli were examined per mouse, n = 3 mice per group). For NTS-injected mice, TUNEL-positive cells were present in crescentic glomeruli of both NTS-injected Cre+;STAT3^+/+^ and Cre+;STAT3^f/f^ mice ([Figure 3c](#F3){ref-type="fig"}). The number of TUNEL-positive cells within crescentic glomeruli was not significantly different between NTS-injected Cre+;STAT3^+/+^ and Cre+;STAT3^f/f^ mice (0.32±0.10 vs. 0.37±0.11 cells per crescentic glomeruli, 20 crescentic glomeruli per mouse, n = 3 mice per group, [Figure 3d](#F3){ref-type="fig"}). This suggests that reduced crescent formation in the NTS-injected Cre+;STAT3^f/f^ group was not due to a difference in apoptosis of glomerular cells. To ensure the TUNEL assay was sufficiently sensitive to detect apoptotic cells, we also included a kidney section of a mouse with transgenic overexpression of HIV-1 genes, which exhibits prominent tubular cell apoptosis^[@R24]^.

Cellular composition of glomerular crescents {#S6}
--------------------------------------------

To determine whether deletion of podocyte STAT3 altered the cellular composition of glomerular crescents we performed immunolabeling of kidney sections for podocyte, PEC, and macrophage markers. Staining for podocyte markers---nephrin and synaptopodin---were more prominent in both of the PBS-injected control groups compared to NTS-injected Cre+;STAT3^+/+^ mice, but not different from NTS-injected Cre+;STAT3^f/f^ mice ([Figure 4a](#F4){ref-type="fig"}). Similarly, glomerular mRNA transcripts of both nephrin and synaptopodin in NTS-injected Cre+;STAT3^+/+^ mice were significantly less compared to NTS-injected Cre+;STAT3^f/f^ mice and PBS-injected Cre+;STAT3^+/+^ mice ([Figure 4c](#F4){ref-type="fig"}). A lower nephrin and synaptopodin expression could be from either downregulation of gene expression in injured and dedifferentiated podocytes^[@R25],\ [@R26]^ or reduction of podocyte number. To determine whether STAT3 deletion alters the recruitment of podocytes in crescents we also performed immunostaining for nestin ([Figure 4c](#F4){ref-type="fig"}). Nestin is an intermediate filament expressed by podocytes; and nestin expression in podocytes is preserved in crescentic GN^[@R27]^. We found that more nestin staining localized to the periphery of crescentic glomeruli ([Figure 4c](#F4){ref-type="fig"}) compared to non-crescentic glomeruli, which is consistent with previous observation^[@R27]^. The intensity of glomerular nestin staining, however, was not different between NTS-injected Cre+;STAT3^+/+^ and Cre+;STAT3^f/f^ mice, suggesting that the difference in nephrin and synaptopodin expression between the two NTS-injected groups was not due to a change in the amount of podocytes.

To assess whether podocyte STAT3 deletion had an effect on PEC accumulation we performed immunostaining for claudin-1, which is expressed by PECs^[@R14]^. Claudin-1 staining localized to the periphery of glomeruli in all four groups of mice ([Figure 4d and e](#F4){ref-type="fig"}). Focal accumulation of claudin-1-positive cells was observed within crescents of NTS-injected mice (arrows in [Figure 4d](#F4){ref-type="fig"}). Co-immunostaining of F4/80, which is an extracellular macrophage membrane marker, with claudin-1 revealed a pattern of F4/80 staining that surrounded the glomerulus without intra-glomerular involvement ([Figure 4d](#F4){ref-type="fig"}), suggesting that macrophages do not contribute significantly to the cellular composition of crescents. When the percentage of glomerular area with claudin-1 staining was quantified by image analysis, a higher percentage of the area was claudin-1 positive in the NTS-injected Cre+;STAT3^+/+^ than NTS-injected Cre+;STAT3^f/f^ ([Figure 4f](#F4){ref-type="fig"}, 8.1±2.3% *vs.* 3.4±0.7%, *P\<0.001*, 30 glomeruli encompassing \>100,000μm^2^ per group were examined).

Glomerular deposition of immunoglobulin and C3 complement in GN {#S7}
---------------------------------------------------------------

Deposition of heterologous antibody in the glomerulus is thought to cause glomerular injury directly by antibody-mediated injury of glomerular cells and indirectly by leukocyte recruitment with subsequent leukocyte-mediated tissue injury^[@R28]^. To understand why Cre+;STAT3^f/f^ mice were protected against the development crescentic GN we examined the glomerular deposition of mouse immunoglobulin (Ig)G, sheep IgG and C3 complement. Cre+;STAT3^f/f^ and Cre+;STAT3^+/+^ mice injected with NTS displayed a similar pattern and intensity of staining for mouse IgG, sheep IgG, and C3 complement ([Figure 5a, b, and c](#F5){ref-type="fig"}), suggesting that protection against crescent formation in Cre+;STAT3^f/f^ mice was not due to a reduction in immune complex deposition.

STAT3 activation and target gene expression in GN {#S8}
-------------------------------------------------

Next, we examined STAT3 activation in glomeruli of nephritic mice with and without podocyte STAT3 deletion by immunostaining for phospho-STAT3 (Y705). Phospho-STAT3 staining was more pronounced in NTS-injected Cre+;STAT3^+/+^ mice compared to PBS-injected Cre+;STAT3^+/+^ mice and NTS-injected Cre+;STAT3^f/f^ mice ([Figure 6a](#F6){ref-type="fig"}). Phospho-STAT3 staining localized to cells lining Bowman's capsule and within cellular crescents. Since STAT3 mediates pro-inflammatory gene expression, we also compared the mRNA transcript levels of STAT3 target genes involved in inflammatory response (interleukin 6, *Il-6*) and expressed at sites of injury (inter-cellular adhesion molecule-1, *Icam1* and chemokine C-C motif ligand 2, *Ccl2*). Glomerular mRNA expressions of *Icam1*, *Ccl2*, and *Il6* were significantly higher in NTS-injected Cre+;STAT3^+/+^ compared to NTS-injected Cre+;STAT3^f/f^ mice and to PBS-injected Cre+;STAT3^+/+^ mice ([Figure 6b](#F6){ref-type="fig"}), suggesting deletion of podocyte STAT3 abrogates NTS-induced expression of pro-inflammatory target genes in the glomerulus. Glomerular expression of other STAT3 target genes, such as *Socs3*, *Vegf, Ccl5*, and *Bclx*, were not significantly different between NTS-injected Cre+;STAT3^+/+^ mice and NTS-injected Cre+;STAT3^f/f^ mice (data not shown).

STAT3 activation and target gene expression in STAT3-deleted podocytes {#S9}
----------------------------------------------------------------------

Since glomeruli contain podocytes as well as other cell types (i.e. endothelial cells, mesangial cells and PECs) and podocytes constitute only a small fraction of the total cell mass in the glomerulus, it is not possible to determine gene expression in podocytes from isolated glomerular samples. To delineate podocyte-specific response we used conditionally immortalized murine podocytes as well as PGECs isolated from Cre+;STAT3^+/+^ and Cre+;STAT3^f/f^ mice. The classic pathway of STAT3 signaling begins with ligand-mediated activation of gp130 receptor and epidermal growth factor (EGF) receptor by IL-6/IL-10 and EGF, respectively. To examine whether IL-6 and EGF could activate STAT3 signaling in podocytes we exposed cultured murine podocytes to IL-6 and EGF and then performed western blotting to determine STAT3 phosphorylation, which is a marker of activation of STAT3 signaling. Ten ng/ml of either IL-6 or EGF increased STAT3 phosphorylation (Y705) in a time-dependent manner with peak STAT3 phosphorylation occurring at 30mins and at 10mins, respectively ([Figure 7a and b](#F7){ref-type="fig"}). Pretreatment with a specific kinase inhibitor of EGF receptor (EGFR), AG1478, prevented EGF-induced STAT3 phosphorylation ([Figure 7b](#F7){ref-type="fig"}), suggesting that EGF-induced STAT3 activation in podocytes occurred in an EGFR-dependent manner. Effects of IL-6 and EGF on STAT3 phosphorylation and expression were further confirmed in PGECs: Both EGF (1ng/ml and 10ng/ml for 10min) and IL-6 (10ng/ml for 30min) treatments enhanced STAT3 phosphorylation in Cre+;STAT3^+/+^ PGECs, but not in Cre+;STAT3^f/f^ PGECs ([Figure 7c](#F7){ref-type="fig"}). The basal level of phospho-STAT3 was different between cultured podocyte cell line and PGECs, which could be explained by a low basal expression of temperature-sensitive T-antigen in the cultured podocytes, which are conditionally immortalized. We also determined the effect of IL-6 on STAT3 target gene expression and found that IL-6 treatment significantly increased the expression of *Icam1, Ccl2, Il6 and Socs3* in Cre+;STAT3^+/+^ PGECs, but not in Cre+;STAT3^f/f^ PGECs ([Figure 7d](#F7){ref-type="fig"}).

Discussion {#S10}
==========

To our knowledge this is the first study to establish a functional role for podocyte STAT3 activation in crescentic GN. We found that podocyte-specific STAT3 deletion attenuates NTS-induced crescent formation and renal injury. Our results suggest that STAT3 deletion reduces crescent formation by preventing recruitment of PECs and downregulation of podocyte differentiation markers. We postulate that podocyte STAT3 deletion could have attenuated crescent formation through one of three potential mechanisms: 1) STAT3 deletion mitigates the podocyte's response to injury; 2) STAT3 deletion disrupts a potential paracrine signaling pathway between podocyte and PEC to prevent PEC proliferation; and 3) STAT3 deletion modulates the innate immune response of podocytes, which drives injury in many forms of GN^[@R1]^.

Even though podocyte is thought to be the initial target of injury that triggers crescent formation and immune complex-mediated GN, it remains to be determined how podocyte injury leads to accumulation of PECs. Interestingly, specific ablation of podocytes in several experimental models---where podocytes express exogenous receptors that trigger cell death in the presence of a cognate receptor ligand---has consistently resulted in segmental glomerulosclerosis without glomerular epithelial cell proliferation^[@R29]--[@R31]^. However, it is important to note that not all insults directed to the podocyte lead to glomerulosclerosis. For instance, podocyte-specific deletion of *Vhlh*^[@R11]^ and expression of HIV-1 genes^[@R15]^ have shown to trigger glomerular epithelial cell proliferation. More recently, subtotal ablation of PECs was found to cause activation of PEC and crescent formation^[@R16]^. We suspect the response (glomerulosclerosis vs. proliferation) of glomerular epithelial cells to podocyte-specific injury is likely dependent upon the nature of the initial insult/stimulus on podocytes.

In our model, podocyte STAT3 deletion altered the podocyte's response to IL-6 and EGF. IL-6 increased the expression of STAT3 target genes (*Icam1, Ccl2, Il6* and *Socs3*) in PGECs; this effect was abrogated in podocytes with STAT3 deletion. Although we did not directly measure the production of IL-6 and EGF in NTS-induced GN, autocrine signaling of EGF through EGFR in the podocyte has already been shown to promote glomerular injury and renal failure in human with GN and the NTS model of GN^[@R32]^ and podocytes are known to express IL-6^[@R33]^. We speculate that IL-6 and EGF could be produced by intrinsic glomerular cells (podocytes, mesangial cells and endothelial cells) and circulating immune cells recruited to the glomeruli (lymphocytes). Localized accumulation of IL-6 and EGF in the injured glomerulus could then activate JAK/STAT signaling in the podocyte (as depicted in [Figure 7e](#F7){ref-type="fig"}). Consistent with this supposition, urinary IL-6 is higher in patients advanced lupus nephritis^[@R34]^ and a case of anti-neutrophil cytoplasmic antibody-associated crescentic GN has been successfully treated using humanized anti-IL-6 receptor antibody^[@R35]^. Furthermore, mice treated with an EGF receptor (EGFR) inhibitor or deficient of EGFR in the podocyte are protected from NTS-induced renal failure and GN^[@R32]^. Since abrogation of STAT3 signaling in the podocyte prevented the recruitment of PECs in our model, we suspect STAT3 mediates a potential podocyte-to-PEC crosstalk.

In our murine model, *NPHS2* promoter drove STAT3 deletion in podocytes. Although *NPHS2* is normally expressed in podocytes, we cannot completely exclude the possibility that *NPHS2* expression could be altered in glomerular disease. Nevertheless, it is reassuring to note that several other studies have used *NPHS2*-Cre mice in the setting of NTS-induced GN^[@R32],\ [@R36]^ without reports of aberrant *NPHS2* expression contributing to inappropriate *Cre* recombination. Deletion of podocyte STAT3 was not complete when driven by the NPHS2 promoter, which is another limitation of our model. Since crescent formation was not completely prevented in NTS-injected Cre+;STAT3^f/f^ mice, it is not possible for us to deduce whether the lack of complete protection from crescent formation was due to incomplete STAT3 deletion or other nephritogenic mechanisms independent of STAT3 activation. Nonetheless, nephritic Cre+;STAT3^f/f^ mice had significantly less crescent formation and renal failure compared to nephritic mice without STAT3 deletion. These results suggest podocyte STAT3 has a key role in the development of crescentic GN.

There was a trend for increased glomerular synaptopodin expression in the Cre+;STAT3^f/f^ group, which did not attain statistical significance. When we examined the promoter region of *Synpo* for STAT3 binding sites using a database of predicted transcription factor binding sites (SABiosciences, DECODE database), only one predicted STAT3 binding site (TTCCTGGAA; at chr18:60792618-60792626) located \~168kb upstream of the *Synpo* transcription start site (TSS) was identified. This STAT3 binding site is likely too distant from the TSS to regulate transcription of *Synpo*. It is also possible that STAT3 could regulate *Synpo* expression independent of transcription of *Synpo*. While there is a trend towards higher *Synpo* expression, it is reassuring that expression of other podocyte markers (i.e. nephrin, nestin, and WT1) in the Cre+;STAT3^f/f^ group was not different from the Cre+;STAT3^+/+^ group at baseline.

In conclusion, we demonstrated that podocyte STAT3 activation is important for crescent formation and development of renal failure in NTS-induced GN. We also identified a role for podocyte STAT3 in the recruitment of PECs and expression of STAT3 pro-inflammatory target genes in a murine model of crescentic GN.

Methods {#S11}
=======

Animal husbandry and genotyping {#S12}
-------------------------------

To generate mice with podocyte-specific deletion of STAT3, a mouse homozygous for a STAT3 allele with *lox*P sites flanking exons 18, 19 and 20 (*Stat3^f^*)^[@R22]^ was crossed to a mouse with podocyte-specific expression of the *Cre* recombinase^[@R23]^. Both mice were on the C57Bl6 background. Subsequent crossings of F1 progenies that were positive for the *Cre* transgene and heterozygous for the *Stat3^f^* allele (Cre+;STAT3^f/+^) generated Cre+;STAT3^+/+^, Cre+;STAT3^f/+^, and Cre+;STAT3^f/f^ mice. Mice of all three genotypes were born at expected Mendelian ratio and appeared healthy and fertile. Four to six male mice of each genotype were used for the study. Primers 1 (5′-ATT GGA ACC TGG GAC CAA GTG G-3′) and 2 (5′-ACA TGT ACT TAC AGG GTG TGT GC-3′) were used for genotyping to detect a 520-bp band for the *Stat3^f^* allele and a 480-bp band for the wild type (*Stat3^+^*) allele. Primers 1 and 3 (5′-GCT GGC TCA TAG GCA AAA ACA C-3′) were used to detect the *Stat^Δ^* allele (480-bp band). Thermoprofile for the PCR reaction was as follows: 95°C for 2min followed by 30 cycles of 95°C for 30s, 58.7°C for 1min and 72°C for 1min, then 72°C for 5min. Studies were performed in accordance with the guidelines of and approved by the Institutional Animal Care and Use Committee at the Mount Sinai School of Medicine.

Induction of glomerulonephritis {#S13}
-------------------------------

Male mice at 7 weeks of age were sensitized with intraperitoneal injection of 0.5mg sheep IgG with complete Freund's adjuvant or normal saline as control. Six days later, animals were injected with either 100μl of NTS, which was diluted to 66.7g/L in sterile phosphate buffer solution (PBS)^[@R37]^, or PBS alone as a control *via* the tail vein. Urine samples were collected daily when possible and at the termination of the experiment. Seven days after NTS injection, mice were killed and serum samples collected. Kidneys were saved for histology, protein, total RNA, and glomeruli extraction.

Measurements of serum urea nitrogen and creatinine {#S14}
--------------------------------------------------

Serum samples were collected after centrifugation and stored at −80°C until measurement. Serum urea nitrogen content was measured using a commercially available kit (Bioassay Systems, Hayward, CA). Whole blood samples were allowed to sit at room temperature for 30min prior to centrifugation at 14,000rpm for 10mins. Serum creatinine was measured by a high performance liquid chromatography (HPLC)-based method following a previously published protocol^[@R38]^ with some modifications: five microliters of serum per mouse was processed as described and then assayed using a Shimadzu Prominence HPLC unit connected with a Hamilton cation exchange column (PRP-X200).

Measurement of urinary albumin excretion {#S15}
----------------------------------------

To quantify proteinuria we measured urine creatinine and urine albumin concentration to calculate UACR. Urine albumin was quantified using an ELISA kit (Bethyl Laboratory, Houston, TX). Urine creatinine was measured in the same urine sample as urine albumin using QuantiChrom Creatinine Assay Kit (DICT-500, Bioassay Systems).

Podocyte Cell culture {#S16}
---------------------

A cell line of conditionally immortalized murine podocytes was cultured as described^[@R39]^. Cells were grown in RPMI-1640 medium supplemented with fetal bovine serum (FBS, final concentration 10%) and penicillin-streptomycin antibiotics (final concentration 1%). Cells were cultured on rat tail collagen-I-coated plates and maintained at 33°C (5% CO~2~, 90% humidity). Prior to experiments, cells were moved to a 37°C incubator and cultured for at least 7 days.

Glomerular isolation and primary glomerular epithelial cell culture {#S17}
-------------------------------------------------------------------

Glomeruli from mice were isolated by perfusion of magnetic particles as described^[@R40]^ with some minor modifications. For isolation of PGECs, all procedures were performed in a ventilated dissection hood under clean contaminated condition. Tosylated M450 Dynabeads beads (Invitrogen) were inactivated and then diluted in 30ml of 1xHBSS, pH 7.1 with 1%BSA for perfusion of mice through the left ventricle of the heart (5 × 10^7^ beads/mouse). Iliac vein below the kidney was punctured immediately before perfusion. After perfusion, both kidneys were removed, cut into \~1mm^3^ pieces and then digested in a digestion buffer containing 1mg/ml of collagenase A and 100U/ml of DNaseI for 30min at 37°C. After digestion, samples were passed through 100μm cell strainers and washed with ice-cold 1x HBSS, pH7.1. Washed cells were centrifuged for 5min at 200g and supernatant were aspirated and discarded. Cell pellet was re-suspended in HBSS and glomeruli containing magnetic Dynabeads were collected using a magnetic particle concentrator. An aliquot (1:1,500) of the glomerular isolate was visualized under a microscope to ensure that the sample contained \<5 tubular fragments per 200x field. Majority of the isolated glomeruli (\>80%) were decapsulated---similar to what had been reported previously^[@R40]^. Isolated glomeruli were transferred onto a 6-cm tissue culture dish coated with type I collagen and cultured in RPMI1640 medium supplemented with 10%FBS and 1% Pen/Strep. Glomeruli and cells were allowed to attach to the plate for 5 days in a 37°C incubator without any agitation. Five days later, glomeruli and outgrowth cells were detached from the plate using a 0.12% trypsin-EDTA solution. Trypsinized cells were strained pass a 40μm cell strainer and re-plated onto collagen-coated dishes. More than 80% of the filtered cells were podocalyxin-positive when examined by immunostaining (data not shown). These cells (PGECs) were allowed to grow to 80% confluence before passaging at a ratio of 1:3. PGECs passaged less than 3 times were used in our experiments. For experiments on interleukin-6 (IL6)-induced expression of STAT3 target genes, PGECs from two mice per group were pooled.

Antibodies and reagents {#S18}
-----------------------

Antibodies to phospho-STAT3 (Y705) and to total STAT3 were purchased from Cell Signaling (Danvers, MA), rabbit antibody to Wilm's Tumor 1 (WT-1) from Novus Biologicals (Littleton, CO), rabbit antibody to Ki-67 from Vector Laboratories (Burlingame, CA), antibody to actin from Sigma Aldrich (St. Louis, MO), rabbit antibody to nephrin was a gift from Dr. Lawrence Holzman (University of Pennsylvania, PA), rabbit antibody to claudin-1 and rat antibody to F4/80 from eBioscience, rabbit antibody to nestin from Santa Cruz Biotechnology, rabbit antibody to synaptopodin antibody was a gift from Dr. Peter Mundel (Massachusetts General Hospital, Boston, MA), antibodies to mouse IgG and to sheep IgG from Jackson ImmunoResearch Laboratories (West Grove, PA), and FITC-labeled antibody to mouse complement component C3 from Cedarlane Labs. IL-6 was purchased from Sigma Aldrich, EGF from R&D Systems (Minneapolis, Minnesota), and AG1478 from Fisher Scientific.

Real-time PCR {#S19}
-------------

Samples were stored in RNAlater (Qiagen) solution at −80°C until processing. Total RNA was extracted from isolated glomeruli or cultured podocytes using RNeasy Mini Kit (Qiagen). Superscript III First-Strand Synthesis SuperMix (Invitrogen) was used for reverse transcription of 1μg of total RNA. PCR was performed using Sybr Green Master Mix (Applied Biosystems) and the Applied Biosystems 7500 Real-time PCR system. Quantitative RT-PCR for gene expression was performed using cDNA reverse transcribed from total RNA extracted from isolated glomeruli, PGECs, or podocyte cell line using primers corresponding to the gene of interest ([Table 1](#T1){ref-type="table"}). For each gene target, three RT-PCR reactions were performed (technical replicates). Ct values of the gene targets were normalized to GAPDH. Fold change in expression of target genes compared to the reference group was calculated using the 2^−ΔΔCT^ method with GAPDH as the calibrator. PCR primers were designed using Primer-Blast (NCBI) to span at least one intron of the targeted gene (See [Table 2](#T2){ref-type="table"}). To study IL-6 induced STAT3 target gene expression, PGECs were treated with and without IL-6 three times (biological replicates).

Western blot analysis {#S20}
---------------------

Western blotting was performed using 60μg of protein lysate per lane under denaturing condition. Cells were serum starved for 16h before treatment with PBS, EGF, IL-6, or AG1478 for the indicated amount of time prior to protein extraction.

Histopathology and immunohistochemistry of mouse tissue {#S21}
-------------------------------------------------------

Kidney samples were either frozen in optimal cutting temperature compound or fixed in 10% formalin and then embedded in paraffin. Periodic Acid Schiff's staining of paraffin-sections was used for quantification of crescents. The percentage of glomeruli with crescent formation was determined by an examiner masked to the experimental condition. At least 30 glomeruli per animal were counted. Each biological group included 4 mice. Paraffin-embedded sections were used for pSTAT3 and Ki-67 staining as described. For quantification of Ki-67-positive nuclei, 15 glomeruli per mice and four mice from each group were examined to calculate the number of stained nuclei.

Immunofluorescence labeling and microscopy {#S22}
------------------------------------------

Frozen sections of kidneys were used for podocalyxin, nephrin, synaptopodin, WT-1, nestin, claudin-1, F4/80, mouse IgG, sheep IgG, and C3 complement staining. Stained sections were visualized and imaged were acquired using Zeiss Axioplan2 IE (Carl Zeiss Microscopy). ImageJ^[@R41]^ was used to quantify podocalyxin, nephrin and synaptopodin staining intensity and the percentage of glomerular area with claudin-1 labeling. For assessment of podocalyxin, nephrin, and synaptopodin staining, 10 to 20 glomeruli from 3 mice of each biological group were measured. For quantification of glomerular claudin-1 labeling, thirty glomeruli encompassing more than 100,000μm^2^ of glomerular area were assessed for each biological group. To estimating WT-1 cell number in glomerular tuft we performed WT-1 staining on perfusion-fixed, frozen kidney samples sectioned at 6μm. Digitized images at 400x magnification were taken. The number of WT-1-positive nuclei in a glomerular tuft was counted and the area of the glomerular tuft was measured using ImageJ. The number of WT-1 nuclei per μm^2^ of glomerular tuft area was calculated and then averaged. Twenty glomeruli were examined per mouse and 3 mice per group were assessed.

TUNEL assay {#S23}
-----------

DeadEnd Colometric TUNEL System from Promega (Madison, WI) was used to detect apoptic cells on formalin-fixed, paraffin-embedded kidney sections. Manufacturer's protocol was used to processes the sections. For PBS-injected groups, 30 glomeruli per mouse and 3 mice per group were examined. For NTS-injected groups, 20 glomeruli with crescent involvement and 3 mice per group were examined. As a positive control for the TUNEL assay, kidney sections of mice with transgenic overexpression of HIV-1 genes were also examined.

Transmission electron microscopy {#S24}
--------------------------------

Kidney cortex samples fixed in 2.5% glutaradehyde were sectioned, mounted on a copper grid, and then images were photographed using a Hitachi H7650 microscope (Tokyo, Japan) as previously described^[@R42]^.

Statistical analysis {#S25}
--------------------

Data are expressed as mean ± s.e.m. Statistical analyses were performed using GraphPad Prism. For comparison of means between groups, one-way analysis of variance was performed followed by Tukey post-test using significance cut off of \< 0.05.

Supplementary Material {#S29}
======================
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![Podocyte-specific deletion of STAT3. **a.** Co-immunolabeling of STAT3 and Wilm's Tumor 1 (WT-1). Insets correspond to WT-1 in red, STAT3 in green, and DAPI in blue for the area circumscribed by the box. Dashed lines circumscribe corresponding WT-1-positive regions of the inset panels. **b.** Western blots and a bar graph representing average band densitometry value corresponding to phospho (p)- and total (t)- STAT3 for primary glomerular epithelial cells isolated from Cre+;STAT3^+/+^ and Cre+;STAT3^f/f^ mice (n = 2 mice per genotype). **c.** Transmission electron micrographs of a podocyte (white arrow in left panel) and parietal epithelial cells (black arrows in right panel) for Cre+;STAT3^f/f^ mice. Inset in the left panel: podocyte foot processes (FP). Scale Bar: 1μm.](nihms473890f1){#F1}

![Glomerular crescents and urinary protein excretion. **a.** Periodic acid Schiff staining of kidney sections 7d after nephrotoxic serum (NTS) or phosphate buffer solution (PBS) injection. Crescents within Bowman's space (arrows). Representative photographs are shown. Scale bar, 50μm. **b.** Bar graph summarizing the percentage of glomeruli with crescent involvement (30 glomeruli were assessed per mouse, n = 4 mice per group, \**P*\<0.05). **c.** Urine albumin to creatinine ratio of mice on day 0, 3, 5, and 7 after NTS injection. (n = 4 urine samples per time point, \#*P*\<0.05 compared to NTS Cre+;STAT3^f/f^).](nihms473890f2){#F2}

![Cell proliferation and apoptosis in crescentic GN. **a.** Immunostaining of Ki-67 in kidney sections. Ki-67-positive nuclei are marked with asterisks Representative pictures are shown. **b.** Bar graph summarizing quantitation of Ki-67 positive nuclei per glomerulus (n = 4 mice per group and 15 glomeruli were assessed per mouse. \**P*\<0.05). **c.** TUNEL assay of glomeruli of NTS or PBS injected mice. TUNEL staining of tubules from a mouse with expression of HIV-1 genes (positive control). **d.** Quantification of TUNEL positive cells per crescentic glomeruli.](nihms473890f3){#F3}

###### 

Cellular composition of crescentic glomeruli. **a.** Immunofluorescence labeling for nephrin and synaptopodin. Nuclei are labeled by DAPI in blue. Inset graphs: Quantitative measurement of nephrin and synaptopodin (Synpo) staining per glomerular area is expressed as arbitrary intensity per μm^2^ of glomerular area assessed (10 to 20 glomeruli from 2 mice per group were measured, \**P\<0.05*). **b.** Quantitative real-time PCR for nephrin and synaptopodin mRNA expression was performed (n = 5 mice per group, \**P*\<0.05). **c.** Immunofluorescence labeling of kidney section for nestin (green). Nestin staining near the periphery of glomeruli in NTS-injected groups (arrows). **d.** Co-immunolabeling of claudin-1 (green) and F4/80 (red). Accumulation of claudin-1 staining on the periphery of glomeruli (arrows). **e**. High magnification of a glomerulus with crescent involvement. Claudin-1 positive cells are present within the Bowman's capsule (red arrows) as well as within the glomerular crescent (white arrows). **f.** Percentage of glomerular area occupied by claudin-1 staining was quantified and results are displayed. Scale bars, 50μm. White dotted lines outline the glomeruli.

![](nihms473890f4a)

![](nihms473890f4b)

![Glomerular immune complex deposition. Immunofluorescence staining of kidney sections for mouse immunoglobulin (IgG) (**a**), sheep IgG (**b**), and C3 complement (**c**). Scale bar, 50μm. Insets are higher magnification views of glomerular capillary loops.](nihms473890f5){#F5}

![STAT3 activation and target gene expression in the glomerulus. **a.** Phospho-STAT3 (p-STAT3) staining in kidney sections 7 days after NTS or PBS injection. Nuclear pattern of p-STAT3 staining of cells in crescents (\^) and cells lining the Bowman's capsule (arrows) were noted. **b.** Glomerular expression of STAT3 target genes (*Icam1, Ccl2*, and *Il6*) was quantified by real-time PCR (\**P*\<0.05, n = 4 mice per group).](nihms473890f6){#F6}

![Activation of STAT3 and expression of STAT3 target genes in podocytes. Western blots of phospho (p)- and total (t)- STAT3 and β-actin for conditionally immortalized murine podocytes treated with IL6 (10ng/ml) or EGF (10ng/ml) for 0, 5, 10, 30, 60, or 120 mins or EGF plus AG1478 for 10 mins (**a** and **b**). **c.** Western blots for primary glomerular epithelial cells (PGECs) isolated from Cre+;STAT3^+/+^ and Cre+;STAT3^f/f^ mice treated with PBS for 30mins, EGF (1ng, 10ng or 10ng with AG1478 pretreatment) for 10mins, or IL-6 (10ng/ml) for 30mins. **d.** Fold induction of STAT3 target gene expression (*Icam1, Ccl2, Il6,* and *Socs3*) in Cre+;STAT3^+/+^ and Cre+;STAT3^f/f^ PGECs treated with 10ng/ml of IL-6 (n = 3 biological replicates, \**P*\<0.05). **E.** Lymphocytes (green) and podocytes (blue) can produce IL-6 and EGF. IL-6 induces STAT3 phosphorylation and activation of STAT3 pathway in podocytes. STAT3 is required for IL-6-induced expression of pro-inflammatory STAT3 target genes and recruitment of parietal epithelial cells (red) in Bowman's space.](nihms473890f7){#F7}

###### 

Serum markers of kidney function: serum urea nitrogen and creatinine

  Treatment groups             Serum urea nitrogen (mg dL^−1^)             Serum creatinine[\#](#TFN2){ref-type="table-fn"} (mg dL^−1^)
  ---------------------------- ------------------------------------------- --------------------------------------------------------------
  PBS Cre+;STAT3^+/+^ (n= 4)   21.5 ± 0.3                                  0.25 ± 0.02
  PBS Cre+;STAT3^f/f^ (n= 4)   19.8 ± 0.7                                  0.27 ± 0.01
  NTS Cre+;STAT3^+/+^ (n= 4)   72.4 ± 5.4[a](#TFN3){ref-type="table-fn"}   0.36 ± 0.15[c](#TFN5){ref-type="table-fn"}
  NTS Cre+;STAT3^f/f^ (n= 4)   32.1 ± 1.7[b](#TFN4){ref-type="table-fn"}   0.28 ± 0.02[d](#TFN6){ref-type="table-fn"}

Serum samples obtained 7 days after NTS injection.

Measured by an HPLC-based assay.

*P*\<0.05 compared to all other groups;

*P*\<0.05 compared to PBS Cre+;STAT3^f/f^.

*P*\<0.05 compared to PBS Cre+;STAT3^+/+^.

*P*\<0.05 compared to NTS Cre+;STAT3^+/+^.

###### 

Real Time PCR Primers

  Gene       Forward                        Reverse
  ---------- ------------------------------ ----------------------------
  *Stat3*    5′-CTACTGCGCTTCAGCGAGAGCAGC    5′-GTCTTCAGGTACGGGGCAGCAC
  *Ccl2*     5′-TTAAAAACCTGGATCGGAACCAA     5′-GCATTAGCTTCAGATTTACGGGT
  *Icam1*    5′-GTGATGCTCAGGTATCCATCCA      5′-CACAGTTCTCAAAGCACAGCG
  *Nphs1*    5′-GTGCCCTGAAGGACCCTACT        5′-CCTGTGGATCCCTTTGACAT
  *Synpo*    5′-GCCAGGGACCAGCCAGATA         5′-AGGAGCCCAGGCCTTCTCT
  *GAPDH*    5′-GCCATCAACGACCCCTTCAT        5′-ATGATGACCCGTTTGGCTCC
  *18sRNA*   5′-CCTGCGGCTTAATTTGACTCA       5′-AACTAAGAACGGCCATGCAC
  *Il6*      5′-CCTCTCTGCAAGAGACTTCCATCCA   5′-AGCCTCCGACTTGTGAAGTGGT
  *Socs3*    5′-ATGGTCACCCACAGCAAGTTT       5′-TCCAGTAGAATCCGCTCTCCT
